immense attention for the development of field-effect transistor devices [1] because they possessed flexibility, biocompatibility, high-temperature stability, excellent chemical resistance, and good mechanical strength [2] . These potential properties of PI make it a suitable substrate for various applications, e.g. a wearable pH sensor, neuromorphic transistor, amperometric biosensor [3] [4] [5] . Extended-gate field-effect transistor (EGFET) is a modified version of ion-sensitive field-effect transistor (ISFET). Due to the continuous exposure of an ISFET sensor in an ionic solution, its long-term stability encounters a significant problem. To overcome this problem, sensing membrane is physically separated from the transistor region of EGFET. This modified structure provides several advantages of low cost, easy to fabrication, prolonged stable operation, and insensitivity toward the light.
Recently, conductive metal oxides, including ZnO, SnO 2 , InGaZnO, PdO, are currently at the center of interest, which facilitates expeditious charge transfer [6] . The fabrication of these sensing membranes on the solid substrate requires an additional step of high-temperature thermal annealing to obtain high performance and stable devices. Contrarily, high-temperature annealing limits the application of flexible substrate; hence, a low temperature, uniform, and facile fabrication are essentially important. Indium-zinc oxide (InZn x O y ) with a transparent conductive oxide has exhibited several physical properties in terms of wide band gap and good electrical conductivity [7] . Additionally, amorphous InZn x O y film represents the high electron mobility, better chemical and structural stability, low surface roughness, and low internal stress without any further annealing steps [8] .
In this letter, structural properties and sensing performances of amorphous InZn x O y film were evaluated for an EGFET pH sensor. A pH sensitivity of 56.29 mV/pH with the linearity of 0.999 was obtained in the linear region. Furthermore, it also exhibited a good sensitivity of 0.96 (μA) 1/2 /pH with an excellent linearity of 0.999 in the saturation region, a low hysteresis voltage of 4.6 mV and a small drift rate 2.08 mV/h. In order to demonstrate the feasibility of InZn x O y sensing membrane on flexible PI, this InZn x O y membrane showed a good mechanical bendability after more than 500 bending cycles.
II. EXPERIMENT
The EGFET structure with an InZn x O y sensing membrane was fabricated on a PI substrate, as shown in Fig. 1 .
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. PI substrate (4×4 cm 2 ) was cleaned by acetone, isopropyl alcohol and double distilled water for 5 min. An InZn x O y thin film (∼110 nm) was deposited by RF magnetron sputtering through InZn x O y target (In 2 O 3 :ZnO=90:10, 99.997%) at room temperature. The base vacuum in the sputtering process, sputtering power, and sputtering rate were 10 −6 torr, 50 W and 0.6 nm/s, respectively. In order to define sensing area with a radius of 1 mm on deposited InZn x O y film, an automatic robotic dispenser was employed with the mixing of an epoxy resin acting as a segregating layer. Afterward, precisely isolated sensing region from a native InZn x O y sensing membrane was adhered on printed circuit board. A conductive line of Ag paste was used to establish the connection between the sensing membrane and copper line. To avoid the leakage of electrolyte, the adhesive epoxy was encapsulated between sensing membrane and Cu line, including Ag paste. The InZn x O y sensor device connected to commercial standard MOSFET device (CD40007UBE) was submerged in different pH solutions when the gate bias was applied to a reference electrode (Ag/AgCl). All sensing parameters (pH sensitivity, hysteresis voltage and drift rate) were measured using a semiconductor parameter analyzer (Agilent 4156C).
III. RESULTS AND DISCUSSION
The crystal structure of the InZn x O y sensing membrane was examined by X-ray diffraction (XRD) using the grazing incidence mode, as shown in Fig. 2(a) . A single broad diffused peak was observed at an angle between 5°to 25°and a small peak at 29.4°, corresponding to the amorphous nature of PI substrate. In order to analyze the surface topography, atomic force microscopy (AFM) analysis was performed as depicts in Fig. 2(b) . It was observed that the surface structure of InZn x O y film was dense, uniform, smooth and small grains. Additionally, the surface roughness of the InZn x O y sensing membrane was evaluated to be 1.20 nm. It has been reported that the sensing performance of an ISFET sensor is relevant to the surface roughness of its sensing film [9] .
In order to gain further insight into the surface composition of InZn x O y sensing membrane, X-ray photoelectron spectroscopy (XPS) was employed. Fig. 3 (a) demonstrates that two splitted peaks at 452.3 and 444.8 eV are attributed for the electron orbits of In 3d 3/2 and 3d 5/2 , which can be assigned to the In-O bonding. In addition, XPS spectrum of Zn 2p core level contains two splitted peaks at 1045.2 and 1022.1 eV corresponding to Zn 2p 1/2 and 2p 3/2 , as shown in Fig. 3(b) . The calculated binding energy difference was found to be 23.1 eV, which can be assigned to confirms the existence of ZnO in the InZn x O y film [10] . Fig. 3(c) depicts the O1s spectrum of InZn x O y sensing membrane. Two peaks are observed by curve fitting, one the peak at 530.1 eV (μ) represents the Zn-O bond [11] , another peak at 531.8 eV (μ ) may be associated with O − 2 ions in the oxygen deficient regions within the matrix of the InZn x O y film [12] .
According to site binding model and Gouy-Chapman-Stern theory, Bousse et al. derived the expression for the pH-dependent surface potential (ψ) in the electrolyte at the oxide-electrolyte interface [13] as:
where q is the electron charge, T is the absolute temperature, k is Boltzmann's constant, pH pzc is the pH value at the zero charge point of the sensing film, and β is a dimensionless parameter, which corresponds to the pH sensitivity of gate oxide. The β value is determined by the density of surface hydroxyl groups, giving
where C DL represents the electric double layer capacitance, K a and K b denote the equilibrium constants at acid and base point, respectively, and N s indicates the surface bind-sites per Fig. 4(a) and (c) demonstrate that the sensitivity and linearity of the InZn x O y -based EGFET sensor were found to be 56.29 mV/pH and 0.999, respectively. This result may be attributed to smaller grains uniformly distributed on the surface of InZn x O y thin film, thus enhancing the N s value. Our InZn x O y sensing film used in an EGFET sensor showed a smoother surface with smaller grains than other sensing films (7.68 nm for ZnO:Ta film and 17.7 nm for TiO 2 film) [14] , [15] . Moreover, it has been demonstrated that the smoother the surface of Ta 2 O 5 and TiO 2 sensing membranes, the higher the pH sensitivity [9] , [15] . The dense microstructure of the sensing membrane provides a low resistivity and a high conductivity, facilitating the charge accumulation on the surface and further responsible for the enhancement of pH sensitivity of InZn x O y sensing membrane to achieve nearly the theoretical Nernstian response (∼59.2 mV/pH). In order to address the pH sensitivity in the saturation region, a typical output characteristic curves (I DS -V DS ) and square root of I DS plotted as a function of pH, as shown in Fig. 4(b) . In this measurement procedure, the V GS was kept constant at 2 V and V DS was scanned from 0 to 3.5 V. Fig. 4(d) depicts that the InZn x O y -based EGFET sensor exhibited a good pH sensitivity of 0.96 (μA) 1/2 /pH with an excellent linearity of 0.999.
To investigate the hysteresis phenomenon of InZn x O y sensing membrane, the EGFET sensor was immersed in the buffer solution of the pH loop 7 → 4 → 7 → 10 → 7 over a period of 1500 s, as shown in Fig. 5(a) . The room-temperature deposited InZn x O y sensing membrane had a lower hysteresis voltage of 4.6 mV, suggesting the formation of a stoichiometric InZn x O y membrane with lower crystal defects. Fig. 5(b) depicts that InZn x O y -based EGFET pH sensor exhibited the minimal drift rate of 2.08 mV/h in pH 7 buffer solution for a period of 12 h. The low drift rate of InZn x O y -based EGFET sensor was evident that the facile, uniform and dense microstructure of InZn x O y sensing membrane possibly eliminate the crystal defects and dangling bonds. In this study, our pH sensor with an InZn x O y sensing film deposited on flexible PI exhibited superior sensing performance relative to those of other sensing materials fabricated on flexible, e.g. Al 2 O 3 (51.2 mV/pH) [16] , IrO x (51.7 mV/pH) [17] , indium tin oxide (50 mV/pH) [18] , and oxygen-plasma-treated carbon nanotube (55.7 mV/pH) [19] .
In addition, to examine the durability of electrical properties under the mechanical stress, InZn x O y deposited PI substrate underwent for repetitive bending cycle. The pH sensing properties were measured after 100, 300, 500, and 700 bending cycles. Fig. 5(c) demonstrates that the pH sensitivity and linearity were constant up to 500 cycle times; however, a sudden decline was observed at 700 cycles, possibly due to the formation of microcracks and structural defects in the sensing membrane.
IV. CONCLUSION
In summary, we have fabricated a high performance InZn x O y -based EGFET sensor deposited on a flexible PI substrate and processed at room-temperature. It demonstrates a nearly nernstian pH response of 56.29 mV/pH with a good linearity of 0.999, a low hysteresis voltage 4.6 mV, and a small drift rate 2.08 mV/h. These sensing properties might be attributed to dense, uniform, small grains, and stoichiometric microstructure of InZn x O y sensing membrane offering a high conductivity, thus increasing the number of ion adsorption sites. Moreover, the pH sensitivity and linearity of this EGFET sensor remained unchanged after more than 500 bending cycles. The InZn x O y -based EGFET flexible sensor offers a new paradigm for the development of non-invasive and wearable health care devices in medical diagnostics.
